The regulation of renin secretion was studied in continuous culture of human juxtaglomerular cells (JGC), which provided a permanent source of human renin production (Pinet, F., M. T. Corvol, F. Dench, J. Bourguignon, J. Feunteun, J. Menard, and P. Corvol, 1985, Proc. NatL Acad. Sci. USA,. 95% of the renin species secreted was prorenin, and therefore this study concerned primarily prorenin secretion. Renin production was stable, since the cells had been maintained in culture for more than two years. In culture, these human cells formed colonies of smooth musclelike cells, and electron microscopy showed the presence of cytoskeleton structures including myofibrils and attachment bodies. This human model was used to investigate the control of prorenin secretion in vitro at cellular level. Various pharmacological agents known to stimulate or inhibit renin secretion were tested in the cell cultures. The variations in prorenin secretion were measured in the supernatant. Forskolin, an independent receptor activator of adenylate cyclase, stimulated prorenin secretion in a dose-dependent manner and this stimulation was mediated by 3',5' cyclic-AMP (cAMP). Angiotensin II (All) was found to inhibit prorenin secretion directly in a dose-dependent manner and atrial natriuretic factor (ANF), whose effects on human JGC were characterized for the first time, was also shown to exert such inhibition. When the effects of this inhibition by All and ANF were tested on forskolin-mediated stimulation of prorenin secretion, the latter was inhibited and no change occurred in cAMP release. When JGC were treated with histamine, bradykinin, or one or two bradykinin analogues, the responses suggested that in these cells, H2-histamine receptors and kinin receptors are dependent on adenylate cyclase. One peptide, substance P., had an inhibitory effect on prorenin secretion but it was less important than All and ANF. The present results demonstrate that the adenylate cyclase system of human JGC remains intact during culture and supports the hypothesis that cAMP is the second messenger and Ca,2+ the final messenger involved in renin secretion. The cell system used here permits the evaluation of cellular responses and intracellular events in granulated cells in a human model.
Introduction
The renin-angiotensin system plays a major role in the maintenance of blood pressure and salt and water homeostasis. The key component of this system is the enzyme renin (EC 3.4.23.15) because almost all physiological or pathophysiological alterations of the renin-angiotensin system activity are mediated by changes in the rate of renin secretion.
Renal renin is synthetized and secreted by juxtaglomerular cells (JGC).' In vitro models for studying renin biosynthesis and its regulation are needed because of the multiple factors that influence renin production and secretion in vivo. The most suitable in vitro model appears to be the culture ofhighly purified JGC. Most studies of renin secretion have been performed in complex systems, such as in vivo, in the isolated perfused kidney, in kidney cortex slices and isolated glomeruli with attached afferent arterioles (1, 2) . These systems included potential influences of endothelial, mesangial, and vascular smooth muscle cells that are located close to the JGC, and in these preparations it is impossible to measure cellular responses and intracellular events in granulated cells. Establishing JGC cultures has in the past proved difficult, mainly because of the scarcity of these cells in the kidney. Primary cultures of renin-secreting cells from the rat were recently reported by Kurtz et al. (3) to be an effective model for investigating the role of calcium and protein kinase C (4) in the regulation of renin secretion. Continuous human JGC lines, producing prorenin, were obtained and provided a permanent source of renin-producing cells available for the study of prorenin regulation in vitro (5) . Renin secretion is controlled by various hormonal signals of systemic or local origin. In the present study, with the availability of cultured human reninproducing cells, direct biochemical studies of their receptor system and of intracellular mechanisms were made and direct approaches were used to evaluate these cellular functions. For these purposes, we investigated the effect of different modulators of renin production and tested directly, for the first time, the hypothesis that although 3',5' cyclic-AMP (cAMP) acts as second messenger in stimulating renin secretion, a change in the production of cAMP by cultured human JGC is not a prerequisite for an alteration of their renin secretion rate.
Methods

Cell culture
The renin-producing human JGC described previously (5) were used between the sixth and ninth subcultures. JGC were cultured in 25-cm2 flasks containing 4 ml of Dulbecco's modified Eagle's medium (DME) supplemented with 10% fetal calf serum (FCS 
Hormonal and pharmacological treatment
Cells were allowed to grow to confluency. The culture medium was removed and cells were washed with two changes (4 ml each) of serum-free DME. The cultures were then incubated for 12 h in 4 ml of serum-free DME at 370C. Serum-free DME was used for the hormonal and pharmacological experiments to avoid the presence of hormones in the serum that could have masked the effects of additional hormones and pharmacologic agents added in our experiments (6) . The hormones were dissolved in Ca2" and Mg"2 free Gey's balanced salt solution, except for forskolin, which was dissolved in ethanol. The hormones were added to 4 ml of serum-free medium and both control and treated cultures were incubated for 6 h at 370C. The medium was removed, centrifuged, and stored at -20'C. The cells were again incubated with 4 ml of DME containing 10% FCS to test their capacity to restore their basal renin production.
Cell culture conditions
The renin-producing human JGC were used at the ninth subculture. After the seventh subculture, examination by phase-contrast microscopy showed that the mast cells had disappeared, but no EM study was performed at this stage of subculture. Histamine production was measured throughout subculture. This production was important in pri- 
Biochemical assays
Renin assay. Renin production in the culture medium was measured by direct immunoassay. Direct total renin, i.e., active plus inactive, was determined by ELISA (7) . The sensitivity ofthis assay is 1 pg/50 ,l.
cAMP assay. Release of cAMP into the culture medium was determined by cAMP radioimmunoassay (RIA) (Immunotech SA, Luminy, France) (8) . The sensitivity of this assay is 2 nM.
Histamine assay. The production of histamine was examined in different subcultures of JGC to show the relation between juxtaglomerular and mast cells, and was determined by RIA (Immunotech SA). The sensitivity of this assay is 0.1 nM.
Calculations
For each experiment, the initial total prorenin secretion by the JGC was determined when the cells were at the same stage of confluency. Since the initial total prorenin secretion varied with the duration of culture, the results were standardized by conversion to percent changes versus the controls for the sole purpose of comparing the findings for the different cell cultures used for replicate experiments.
Results
Morphology ofcells in culture. Cells secreting prorenin continuously were obtained by transfection with SV40 mutants. These cells had been maintained in culture for more than two years at the time of writing (November, 1986) . They formed colonies of smooth, musclelike cells ( Fig. 1 A) . In an EM study performed on cells after three subcultures, the presence of myofibrils at the periphery of the cells and few dark granules around the nucleus were observed (Fig. 1 B) . The inset to Fig. 1 B shows details of the myofibrils in elongated cells, including their striated appearance, which resulted from the regular arrangement of myofilaments. In phase-contrast microscopy, the renin-producing human JGC in subculture 9 had the same morphology as after transfection.
Cell culture conditions. The cells were cultured exactly as described by Pinet et al. (5) . The rate of renin production of confluent cells, which represented three million cells per 25-cm2 flask, was relatively stable and ranged from 50 to 100 pg/ml per 24 h between subcultures 6 and 9. The prorenin secretion before the hormonal or pharmacological experiments was 88±3 pg/ml per 24 h (n = 6) and after the experiments was 91±21 pg/ml per 24 h (n = 6). The cells could be frozen and thawed at each passage without losing their capacity to divide and to produce renin.
Theophylline was used in all cell culture experiments. A high concentration of theophylline (l0-4 M) was needed to inhibit phosphodiesterase activities effectively. Basal prorenin secretion by cells that were not treated with theophylline and were incubated for 6 h in serum-free medium was 77± 11 pg/ml per 24 h (n = 14) versus 80±12 pg/ml per 24 h with theophylline-treated cells (n = 14). It was found that a theophylline concentration of 1O-4 M did not affect prorenin secretion by JGC, even when the cAMP concentration was raised from 2 to 8 nM/ml per 24 h in the theophylline-treated flasks.
Effect offorskolin on prorenin secretion. To test the hypothesis that adenylate cyclase and cAMP play a role in the control of human renin secretion by JGC, the concentration dependence ofthe effect of forskolin on prorenin secretion was studied and the cAMP concentration in the medium measured. Accordingly, cultured human JGC were incubated for 6 h with increasing concentrations of forskolin (10-1o-l0-5 M) and a concentration of l0-4 M theophylline. As shown in Fig.  2 , forskolin increased prorenin secretion in a dose-dependent manner. The 50% effective dose ED50 and optimum concentration of forskolin for prorenin secretion were 4.7 10-8 M and 10-5 M, respectively. The respective dose-response curves for the forskolin-induced rises in the secretion of prorenin and release of cAMP were compared and found to be parallel (Fig.  2) . The ED" and the optimum forskolin concentration for cAMP release were 5. l1-7 and 10-5 M, respectively. 
I
Inhibition by AII ofprorenin secretion with and without its stimulation by forskolin. To evaluate the inhibitory effect of All alone on prorenin secretion by human JGC, the latter were incubated with increasing concentrations of All (10-'o-10-6 M). As shown in Fig. 3 A, All effectively suppressed prorenin secretion in a dose-dependent manner. cAMP was undetectable in the medium of both control and All-treated cells (data not shown).
To evaluate the direct effect of All on forskolin-mediated stimulation of prorenin secretion, human JGC cultures were incubated with 10-6 M Effect ofhuman ANF on prorenin secretion with and without its stimulation byforskolin. To characterize the effects on renin production of ANF, the human JGC were incubated for 6 h with increasing concentrations ofANF (I0-1o-l0-6 M). As shown in Fig. 4 A, ANF inhibited prorenin secretion in a dose-dependent manner. cAMP was undetectable in the medium of both control and ANF-treated cells (data not shown).
To examine the effect of ANF on forskolin-stimulated prorenin secretion, human JGC cultures were incubated with 10-6 M forskolin, lI-4 M theophylline, and increasing concentrations of ANF (I0-10_0-6 M). As shown in Fig. 4 B, ANF effectively blocked forskolin-stimulated prorenin secretion. In Fig. 4 C, the inhibition by ANF of this secretion was compared with the increase in cAMP release induced by forskolin. This increase was not inhibited by ANF in a dose-dependent manner (Fig. 4 C) .
Effect of various compounds on the regulation ofprorenin secretion. The model ofcell culture has proved a useful tool for studying the regulation of prorenin secretion by testing the cells with the same concentration (10-5 M) of different compounds known to stimulate or inhibit this secretion in perfused kidney or cortical slices. Here, the role of 0-adrenergics was studied by treating cells with isoprenaline and epinephrine.
The data in Table I show that these fl-adrenergics stimulated prorenin secretion and induced a parallel increase in cAMP release. Epinephrine caused smaller increases than isoprenaline in prorenin secretion and cAMP release by human JGC. The effects of histamine, histamine H.-and H2-antagonists were studied in the attempt to define the type of receptor involved in the renin secretion. Histamine stimulated prorenin secretion by human JGC and, as shown in Table I , the H2-receptor antagonist cimetidine inhibited the increase in prorenin secretion observed in response to histamine by -50%. The H,-antagonist diphenhydramine had little effect on histamine-induced prorenin secretion. Histamine induced an increase in cAMP release parallel to its stimulation of prorenin secretion, and the H2-receptor antagonist cimetidine inhibited cAMP release in a parallel fashion to its inhibition of prorenin secretion. As many studies have suggested that a functional relationship may exist between the kallikrein-kinin and renin-angiotensin systems, the possibility that kinins act to increase prorenin secretion in human JGC cultures was studied. Accordingly, bradykinin and two of its analogues, Lysbradykinin and Des-Arg9-bradykinin, were added to the medium. Prorenin secretion was stimulated by all three compounds in the same proportions and the range of increases is correlated with a similar range of increase in cAMP secretion. Substance P induced a decrease in prorenin secretion by human JGC but did not change cAMP release.
Discussion
To our knowledge, this is the first study of the regulation of prorenin secretion in human JGC. The availability ofcontinu- (5) . The data presented in this paper described the regulation of prorenin secretion, and in particularly the effect of one mediator, cAMP. Different authors have described two pathways for renin secretion (10, 1 1): active renin is secreted after storage in granules by a regulated pathway and prorenin is secreted directly via the constitutive pathway without storage and processing. In our model, prorenin is the major form of renin secreted. Therefore, our results about the regulation of prorenin secretion should be extrapolated with caution for active renin secretion. As previously reported by Pinet et al. (5) , active renin in this preparation of human renin-producing cells represented 5% of total renin. When active renin secretion was measured after stimulation of cultures by forskolin, isoprenaline, or histamine, there was no increase of active renin compared with that of total prorenin secretion (data not shown).
In the present study, the level of cAMP represents the cAMP efflux from the JGC. Different authors (12, 13) have described the measurement of intra-and extracellular cAMP levels. They showed a relationship between the two pools (intra-and extracellular): cAMP accumulated within the cells appeared in the extracellular fluid after a short lag period in different cell cultures, showing that the rate of cAMP efflux was not proportional to the intracellular concentration. So, in our case, measurement of extracellular cAMP represents an indirect reflection of intracellular cAMP but permitted us to see the variations of cAMP levels under hormonal or pharmacologic agents.
The role of cAMP in the control of renin secretion has been described by Hackenthal et al. (2) in the rat using the complex model of isolated perfused kidney. These authors studied the renin release induced by forskolin, an independent receptor activator of adenylate cyclase (14), without altering the renal -( 00 perfusate flow in the isolated perfused rat kidney, and their results supported the concept that in glomerular cells an increase in the intracellular concentration of cAMP is associated with an increase in renin release (15) . However, in such experiments, we cannot rule out the possibility that in addition to JGC, forskolin stimulated other cells in the immediate vicinity, which could in turn have stimulated the JGC. In the present experiments, this hypothesis was directly tested by adding forskolin together with theophylline to JGC cultures. High concentrations of theophylline are needed to effectively inhibit phosphodiesterase activities (16) . In the present cultures, theophylline increased the production of cAMP, as described by Keeton and Campbell (1), who reported that by inhibiting the degradation of cAMP in 5' adenosine monophosphate, theophylline raised the cAMP concentration in granular JGC. They observed that theophylline alone did not stimulate renin release from rat renal cortical slices in vitro. In JGC cultures, we obtained the same results with no variation in prorenin secretion but an increase in cAMP. It is surprising that an important increase in cAMP release was not correlated with an increase in prorenin secretion. However, theophylline does not act at the level of the receptor and does not activate adenylate cyclase, so the increase in cAMP release represents an artificial increase in cAMP and not the activity ofadenylate cyclase. We used theophylline with forskolin to potentiate the effect of this hormone known to act via cAMP. Our results demonstrate that forskolin modulates the rate of human prorenin secretion in cultured JGC in a dose-dependent manner and that the response to this hormone is mediated by cAMP. This supports the hypothesis of Churchill and Churchill (17) that cAMP has a putative role as second messenger in renin secretion. Consequently, the present results clearly establish that in granulated cells, forskolin directly stimulates prorenin secretion. Using the same culture conditions, the direct effect of All on human JGC could be studied for the first time. All is known to inhibit renin secretion, probably by increasing the Ca++ permeability ofthe cellular plasma membranes (18) . Our results demonstrate that All suppresses basal prorenin secretion in human JGC in a dose-dependent manner. The threshold of the inhibition of prorenin secretion was obtained at an All concentration of 10-10 M, and the IC50 was 2 X 10-8 M. In addition, All did not alter cAMP production, as also observed by Kurtz et al. (3) . The sensitivity of our cells to All was comparable with that described in other literature models such as in vivo, kidney slices, and isolated perfused kidney (19) . The higher sensitivity of All in human JGC cultures may be due to the potential influences ofthe endothelial, mesangial, and vascular smooth muscle cells as well as to the macula densa that are located close to the JGC in these preparations.
The effect of ANF on prorenin secretion is still controversial. Burnett et al. (20) showed that synthetic ANF inhibited renin release from perfused dog kidney, and Opgenorth et al.
(21) failed to demonstrate any such inhibition by ANF in the nonfiltering dog kidney. Villareal et al. (22) found that ANF did inhibit renin secretion in both these models described above, whereas Hackenthal et al. (23) demonstrated that ANF stimulated this secretion in isolated perfused rat kidney. In the model of rat renal cortical slices, two other groups obtained controversial results for the effect of ANF on renin secretion: Hiruma et al. (24) showed a stimulatory effect of ANF and demonstrated that the mechanism responsible was not related to any increase in endogenous cGMP nor cAMP, whereas Obana et al. (25) reported a dose-dependent inhibition by ANF ofrenin secretion with a fall in cAMP release and a rise in that of cGMP. The effects of ANF on human JGC were investigated in a similar study to that of All. Synthetic ANF, identical to human a-ANF (26) , specifically inhibited prorenin secretion from human JGC in a dose-dependent manner. Again, ANF did not affect cAMP production. The present cell culture model permits us to see precisely the direct action of ANF on prorenin secretion by the JGC, without having the influence of the macula densa. In agreement with our results, Kurtz et al. (27) reported that ANF inhibited renin secretion in the JGC of the rat. All these results for cell cultures support the view that ANF suppresses renin secretion by a direct action on human and rat cells.
Two main second messengers in renin secretion have so far been reported as intracellular Ca2+ fluxes and cAMP. Here, All and ANF did not only alter basal cAMP release but were also unable to reduce cAMP release when the cells were stimulated by forskolin, although they did reduce prorenin secretion. This shows the independent pathways of cAMP-mediated prorenin secretion by forskolin and All, respectively, as well as the mechanism of renin inhibition by ANF. Schwertschlag and Hackenthal (5) also observed that the stimulatory effect of forskolin was inhibited by All in the model of isolated perfused rat kidney. The fact that an alteration in the cAMP concentration is not necessary for an alteration of the renin secretion rate was also shown by Kurtz et al. (3) in rat JGC, because in these cells renin secretion was stimulated by verapamil and inhibited by All without any change in the intracellular cAMP concentration in either case. The role of Ca2+ was investigated by Fray and Park (28) in isolated perfused rat kidney, and their results indicated that the stimulatory action offorskolin was independent of, or noncompetitive with the extracellular Ca++ concentration. The principle expressed in the review by Churchill (19) is that free Ca++ and cAMP are, respectively, the inhibitory and stimulatory second messengers in renin secretion. He suggested that each of these second messengers might act independently, or else sequentially, in either oftwo ways. Our results support the hypothesis that cAMP and Ca++ act independently in the prorenin secretory process but that the inhibitory effect of the rise in Ca++ predominates over the stimulatory effect of the rise in cAMP. We investigated the role ofANF forskolin-stimulated prorenin secretion in human JGC cultures in the same way as the role of All. ANF clearly blocked stimulation of prorenin secretion in a dose-dependent manner, and no change was observed in cAMP release. These results were not surprising, because ANF alone had no effect on cAMP release and as demonstrated by Kurtz et al. (27) , the effect of ANF is mediated by cGMP.
The testing of agents known to induce renin release in different ways showed that the JGC respond to adrenergic beta-agonists and that this response is mediated by cAMP. In rat kidney slices, Churchill and Churchill (17) In addition, our study shows that kinins can stimulate prorenin secretion in vitro, thus indicating the presence of kinins receptors in human JGC. In our system, we found that prorenin secretion in response to equimolar concentrations of bradykinin, Lys-bradykinin, or des-Arg9-bradykinin was virtually the same. Both kinins and l0-adrenergics stimulated renin secretion to a similar degree, as reported by Beierwaltes et al. (33) in studies using isolated rat glomeruli. However, the effect ofdes-Arg9-bradykinin on renin secretion does not agree with the last result of Beierwaltes et al. (33) , who reported that this analogue did not affect renin release in isolated rat glomeruli. They described des-Arg9-bradykinin as an inactive kinin analogue in their system, but we can support the hypothesis that in cell culture, one of the most simple systems, it is active. Our results show that the response to kinins is mediated by cAMP and suggest that the kinin receptors in human JGC are dependent on adenylate cyclase.
Although substance P was an inhibitor of prorenin secretion, no variation in cAMP release was detected. Gullner et al. (34) also showed an inhibitory effect of substance P on renin release in anesthetized dog and suggested it had a direct effect on the JGC. The results obtained with cAMP are in opposition to the suggestion by Pernow (35) that the substance P may exert its effect on water reabsorption by an adenylate cyclase mechanism.
This paper demonstrates that prorenin secretion in the human transfected JGC is modulated by various pharmacological agents, even ifthe changes in prorenin secretion are less marked than in vivo models (28) . In these cells, which provided a permanent source of human prorenin secretion, the adenylate cyclase system remained intact during culture. The results of this study of the regulation of in vitro human prorenin secretion by these cells support the hypothesis that cAMP is the second messenger and Ca 2+ the final messenger involved in renin secretion. The cell culture model described here is therefore a useful tool for investigating various aspects ofrenin biosynthesis and secretion at the cellular level, under controlled conditions.
